We demonstrate that near-edge X-ray-absorption fine-structure spectroscopy combined with full-field transmission X-ray microscopy can be used to study the electronic structure of suspended carbon nanohorns. Based on reports of electronic structure calculations additional spectral features observed in the p region of the NEXAFS spectrum recorded on the carbon nanohorns were associated to the presence of the pentagonal rings and the folding of the graphene sheet.
Introduction
Carbon nanohorns (CNHs) have been reported as a promising material for gas adsorption, biosensing, drug delivery, gas storage, and catalyst support for fuel cell due to their unique structure with high surface area and porosity [1] . This carbon allotrope consists of a graphene layer wrapped into an irregular tubule with a variable diameter; the cone-shaped tips are essentially composed of hexagonal carbon layers with pentagonal carbon rings that form a horn shape. Depending on the distribution of the pentagonal rings in the hexagonal-carbon layers, five structural isomers have been theoretically predicted for CNHs [2] . Several reports discuss the influence of the pentagonal carbon rings in the CNH properties. Amano and Muramatsu reported that the unoccupied DOS (density of state) of the pentagonal rings are almost independent of the arrangements in the hexagonal carbon layer. Berber et al. showed that compared to the hexagonal sites, pentagonal rings have a net excess of electrons [3] . This extra negative charge was associated to the preferential chemical functionalization at the apex of the CNHs [4] . Different experimental techniques have been used to characterize CNHs, the horn shape has been confirmed by Transmission Electron Microscopy (TEM), while Electron Energy Loss Spectroscopy (EELS) has detected impurities in CNHs and X-ray Photoelectron Spectroscopy (XPS) confirmed the grafting of functional groups [5] [6] [7] [8] . Here we use the near-edge X-ray-absorption finestructure (NEXAFS) technique, performed with the Helmholtz Zentrum Berlin (HZB) full-field transmission X-ray microscope (TXM) installed at the electron storage ring BESSY II [9, 10] to study the electronic structure of a freestanding dahlia-aggregate of CNHs [11] . Pristine CNHs aggregate in dahlia-like shape, whereas a large number of conical-shaped single layred tips stick-out in all directions of the spherical structure ( Figure 1 ). For comparison a bundle of large diameter multiwall carbon nanotubes (CNT) is studied as a standard sp 2 -based material; the use of a large bundle with randomly distributed CNTs removes uncertainties related to the linear dichroism effect [10] . CNTs are not exactly 100% sp 2 due to the folding of the graphene sheets and the presence of pentagons carbon rings at their tips, which changes the r bonding character compared to that of a graphite sheet structure. However they do not strongly influence the nature of the p bonding in large diameter CNTs compared to that of graphite [12] . Because the carbon K-edge is very sensitive to the bonding environment, the NEXAFS is ideally suited for the study of sp 2 -based materials providing diagnostic information about the structure, defects and doping [13] [14] [15] . X-rays absorption creates a core-level excited states in which a 1s electron is promoted into the unoccupied p ⁄ or r ⁄ bands, basically the NEXAFS spectrum reflects the unoccupied density of states modified by core-hole interactions [10] . NEXAFS can provide finer information about the electronic structure and chemical state of carbon materials, including impurities [16, 17] . When combined with X-ray microscopy, NEXAFS can be used to study selected areas of free-standing nanostructures avoids averaging over regions containing unwanted impurities. The setup of the HZB full-field X-ray microscope is analogous to that of a bright-field light microscope: the sample is illuminated by quasi-monochromated X-rays using a reflective capillary optic as a condenser [9] . Because the measurements are performed in the transmission mode, a conventional grid with holey carbon film used for TEM can be used to support the nanostructures allowing the analysis of free-standing nanostructures. These geometry permits to rule out the interaction between nanostructures and substrate.z
Experimental

Sample
The CNHs used in this study were produced by CO 2 laser ablation of graphite in the absence of any metal catalyst under an inert Ar atmosphere (760 Torr) at room temperature.
The CNHs and CNTs samples were prepared for TEM and NEXAFS analysis by ultrasonic vibration in pure ethanol for ten minutes. A drop of the suspension was placed on a lacey carbon grid, allowing the analysis to be performed on nanostructures that were overhanging a void.
TEM images were acquired using a FEI Tecnai G2 microscope operated at 200 kV.
The C K-edge images were recorded with the TXM installed at the undulator beamline U41-FSGM at the electron storage ring BESSY II of the HZB, Berlin which has a spatial resolution of up to 11 nm and a spectral resolution up to E/DE = 10,000. Images were recorded at room temperature in transmission mode over a sequence of photon energies from 280 to 312 eV with a spectral resolution E/DE P 4500. The exit slit of the monochromator was set to 5 lm which corresponds to a calculated spectral resolution of E/ DE = 2 Â 10 4 . The NEXAFS data analysis was accomplished using aXis2000 [18] . The NEXAFS spectra were normalized using the I o off the sample (the circle area in Figure 2 ) to correct for variation of the photon flux with photon energy (hm) and acquisition time.
Results and discussion
The studied CNHs are aggregated (dahlia-type) in spherical forms with diameters of about 60-100 nm, as shown in Figure 1 . The magnified image of the aggregate (Figure 1c ) reveals that the horn-shaped tips of individual CNHs have cone angles of about 20°, corresponding to five pentagonal rings at the tip [19] . The diameters of individual CNHs are 1-2 nm at the horn tips and 3-4 nm in the body part. Figure 2 shows a TXM image of dahlia-like aggregates of CNHs overhanging voids of a holey carbon grid; while we examined several different regions of the sample to ensure that we have selected a typical sample, the following analysis concerns the circular yellow region of the sample shown in Figure 2 . Figure 3 , shows the spectra recorded on the suspended CNHs and on the suspended CNTs; from this figure we observe the characteristics structures related to the electronic structure of graphene-based materials. The peak at 285.2 eV is the p ⁄ resonance that is due to electronic excitation from the C 1s level to the conduction p ⁄ states. A sharp excitonic transition 1s ? r ⁄ at 291.5 eV; the sharpness reflects strong correlation effects of electron-hole pairs within the nanostructures [10] . A broad band peaking at 292.6 eV that is related to the transition from the C 1s level to the quite dispersionless r ⁄ states at C point of the Brillouin zone (BZ) [10] . This is followed by broad transitions of mixed symmetry peaking at 297 and 304 eV.
The difference between these two spectra appears at 286-291 eV photon energy where an increase in the intensity of the absorption signal for CNHs is observed. Felten et al. associated the increase in intensity in this region to presence of oxo-groups (carboxyl, carbonyl . . .) at the CNT surface [13] [14] [15] . However, the absence of oxygen or other impurity related peaks in our spectra rules out this explanation, therefore the increase in the intensity in this region is associated to an intrinsic characteristic of the CNHs. To clear compare the difference between the NEXAFS spectra of CNHs and MWCNTs, Figure 4 shows the subtracted spectrum of CNHs-MWCNTS. In the figure the intensities are normalized at the highest peak height in the p ⁄ region, the difference can be observed in the 286-291 eV energy region. Such difference in the p region suggests that the p component in the absorption spectra in the C K-edge region of CNHs (hexagonal and pentagonal rings) vary from the MWCNTs (mainly hexagonal rings). In line with our results, Amano and Muratsu using the discrete variational (DV)-Xa method to calculated the electronic structure of CNHs, reported that the spectral difference in high resolution X-ray emis- sion and absorption spectra in the C K-region of the CNH should be observed in the p regions by comparing to graphite [2] . These authors showed that the pentagonal rings and the hexagonal rings neighbours to the pentagonal rings induce energy states that spread from the C K-edge up-to 30 eV in the unoccupied density of energy states (DOS). And, that the p orbitals in pentagonal rings have a slight r character, which was associated to the bent of hexagonalcarbon layers by the pentagonal rings. Therefore the increase in the intensity in the range between 286 and 291 eV in the carbon nanohorn K-edge spectrum compared to the CNT spectrum can be associated to transitions to electronic states generated by the pentagons in the nanostructures and the folding of the graphene sheet.
In summary, we show that NEXAFS performed in the transmission mode can be used to study a freestanding CNH aggregate in a dahlia-like shape. Compared with the K-edge NEXAFS spectrum of a bundle of CNTs, we observed an increase in the intensity in the range between 286 and 291 eV in the NEXAFS spectrum recorded in the freestanding CNH aggregate. This increase was related to transitions to electronic states due to the presence of pentagonal rings and the folding of the graphene sheet in the CNHs. The TXM-NEXAFS has the potential to become a very important tool for the analysis of freestanding carbon nanostructures as the carbon K-edge is very sensitive to the bonding environment. 
